A. Introduction {#sec1}
===============

COVID-19 caused by SARS-CoV-2 has resulted in an alarming rate of morbidity and mortality worldwide. Patients with severe COVID-19 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A arrows) are known to develop an extensive disease of the lung parenchyma like lobar pneumonia requiring hospitalization.^[@ref1],[@ref50]^ There have been reports of patients with mild COVID-19 who have significant blood gas alteration and chest computed tomography (CT) scan findings without significant symptoms,^[@ref2]^ which is alarming. The reason for the latter is that the patients without symptoms but an ongoing COVID-19 along with organ damage can complicate rapidly without giving the diagnosis and treatment a chance to save their lives.^[@ref3]^ The alteration of PO~2~ and PCO~2~ in COVID-19 is complex^[@ref4]^ and difficult to comprehend when compared to conventual viral cases of pneumonia. The reason for the added complexity of the alteration of PO~2~ and PCO~2~ in COVID-19 is the concurrent renal, gastrointestinal, and adrenal damage that are known contributors toward the maintenance of blood pH and blood gases and act as buffers to combat any alteration in these parameters that may occur.^[@ref5]^ An alarming, but yet unexplored, component in COVID-19 is the damage to the neurons in the central nervous system (CNS) that has been reported to commence during the disease in some patients^[@ref6]−[@ref8]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Additionally, it is easy to compute the complexity that ongoing damage to respiratory regulating neurons in CNS would add to the aforementioned pulmonary damage in COVID-19. Also worrying are the reports of acute respiratory failure in 45--65% of cases in COVID-19 in which the patients lost spontaneous breathing, necessitating the use of ventilators, and eventually died.^[@ref7]^ Some of the patients with COVID-19 that have been reported to recover from pneumonia, but could not be weaned from invasive mechanical ventilation,^[@ref9]^ and need to be investigated for SARS-CoV-2 neurotropism that can deteriorate and prove to be fatal.^[@ref6],[@ref7]^ The occurrence of these spontaneous (autonomic) breathing control failures early in COVID-19 is alarming and possibly reflective of the damaging effect of SARS-CoV-2 on the CNS nuclei that control normal involuntary breathing mechanics. SARS-CoV-2 probably invades the brain via axonal transport and transneuronal spread from the olfactory nerves on to the rhinencephalon, finally reaching the brainstem causing the irreversible respiratory failure seen in severe COVID-19, typically characterized by lack of dyspnea.^[@ref3],[@ref9],[@ref10]^ Healthcare professionals should be heralded for the occurrence of acute respiratory arrest in early COVID-19, with some cases reflecting milder clinical evidence of hypoxia with accompanying hypocapnia and show no sense of breathlessness.^[@ref3]^ Failure to comprehend and investigate the neurotropic potential of the virus,^[@ref6],[@ref7],[@ref9]^ which has proven to be neurotoxic^[@ref10]−[@ref12]^ to the neurons in the brainstem,^[@ref7],[@ref9]^ can result in more fatalities in COVID-19, by the time this clinically overt feature of SARS-CoV-2 gets investigated and draws our attention. In COVID-19, the respiratory symptoms are the most common, and neurogenic breathing failure is suspected in cases that have been reported.^[@ref7],[@ref9],[@ref10],[@ref13]^ SARS-CoV-2 has challenged our complex computing ability to understand its pathogenesis. Along with this, notions such as COVID-19 being a mere flu, which like influenza and other viral pneumonia does not need to be worried about, has weakened our ability to stay ahead of the curve with this deadly virus. It is only after the huge number of deaths worldwide now that we are understanding the notorious and noxious nature of this virus.

![Regulation of respiration in humans and the effects of SARS-CoV-2 on CNS. Route of acquisition of SARS-CoV-2 (A) that spreads to lungs^[@ref29]^ and olfactory mucosa and olfactory bulb from where it can spread to the CNS via retrograde neuronal transfer, CSF, and direct damage to the frontal lobe. The breathing process in humans is regulated by CNS centers (B) that are located in brainstem (gray) and cerebral cortex (neocortex). The spread of the virus to the CNS includes the brainstem.^[@ref9],[@ref20]^ The damage caused in the medulla oblongata in the Bötzinger complex (pre-BÖTC) (green circle) can result in respiratory arrest and failure necessitating the use of ventilators. The neural connections and transmission from peripheral chemoreceptors (yellow circle) are shown.](cn0c00349_0001){#fig1}

B. The Pulmonary Disease and Its Sequelae in COVID-19 {#sec2}
=====================================================

The damage caused by SARS-CoV-2 at the level of gaseous exchange in the lungs causes exudative and organized diffuse alveolar damage.^[@ref14]^ There are reports in COVID-19 that severely hypoxaemic patients, may present quite differently from one another: normally breathing ("silent" hypoxemia) or remarkably dyspnoeic; quite responsive to nitric oxide or not; deeply hypocapnic or normo/hypercapnic; and either responsive to prone position or not. Therefore, the same disease presents itself with impressive nonuniformity.^[@ref15]^ The ongoing exudation and fibrosis in the terminal bronchioles and alveolar walls thicken the gaseous barrier further leading to profound hypoxia and threatening hypoxemic-respiratory failure.^[@ref14],[@ref16]^ It has been observed that many patients with a severe drop in PO~2~ remain asymptomatic initially^[@ref3],[@ref15]^ due to a possible compensation by an increase in the rate of breathing that comes into play by the neurogenic mechanism (detailed below)^[@ref5]^ to combat hypoxia resulting from a poor diffusion of O~2~ across the alveolar barrier. A possible explanation for such severe hypoxemia occurring in a compliant lung is the possible loss of lung perfusion and hypoxic vasoconstriction. It is important to mention here that PCO~2~ initially in the course of COVID-19 remains at near-normal levels,^[@ref15],[@ref17]^ possibly because CO~2~, being more permeable across the alveolar barrier compared to O~2~,^[@ref5]^ manages to diffuse out into the fluid-filled alveoli early in COVID-19.

C. Multiorgan Diseases Contributing toward the Alteration in Blood Gases in COVID-19 {#sec3}
====================================================================================

It is pertinent here to bear in mind that a complex picture of multiorgan involvement^[@ref17]^ could evolve in advanced COVID-19, affecting the blood gases, after adrenal damage (secreting aldosterone and cortisol), gastrointestinal damage (H^+^; −HCO~3~^--^ ion secretion), coagulation abnormalities, and metabolic derangements like lactate production from cellular damage. Taken into consideration, these factors ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) must be contributing to the respiratory failures seen in COVID-19.^[@ref6]^ In the end-organ failure sate in COVID-19, a vicious cycle of tissue damage, metabolic acidosis, and blood gas alteration seems to be the key leading to respiratory failure in COVID-19, until fatal incidences like pulmonary embolism, cardiac ruptures, or stroke do not do the same.

![Cascade of acquisition and organ transmission of SARS-CoV-2. SARS-CoV-2 after accessing the body via eyes and mouth (top two boxes at left) can opt for a retrograde neuronal route to enter the brainstem. The virus that enters the nose in its upper part is known to infect the olfactory mucosa from where it can take a transcribrial route to the olfactory bulb (OB) that has been recently reported to show distortions in COVID-19. From the OB, it can infect the frontal lobe of the brain. Alternatively, from entry into CSF from the subacrhinoid spaces around olfactory nerves, it can spread to the rest of the CNS. SARS-CoV-2 after being inhaled reaches the lungs where it causes pneumonia resulting in hypoxemic respiratory failure and death. Note that other pathways leading to death detailed in the lower half of the figure. Importantly, the dissemination of SARS-CoV-2 to the brainstem and CNS via CSF, retrograde neuronal, and transcribrial routes can initiate an early onset of respiratory arrest by damaging medullary centers of breathing resulting in death.](cn0c00349_0002){#fig2}

D. The Central Regulation of Breathing {#sec4}
======================================

D1. Central Regulation of Breathing under Physiological Conditions {#sec4.1}
------------------------------------------------------------------

The breathing process under physiological conditions by the CNS is an involuntary (autonomous) process enforced by pacemaker cells in the pre-Bötzinger complex (pre-BÖTC) on either side of the medulla oblongata in the brainstem ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B green circle). These neurons produce rhythmic discharges^[@ref5],[@ref18]^ that reach the phrenic nerve motor neurons ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Besides, dorsal (DRG) and ventral (VRG) groups of respiratory neurons are present in the medulla, and they are known to project to the pre-BÖTC pacemaker neurons ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B DRG-VRG). The rhythmic discharges of the pre-BÖTC pacemaker neurons are modified by a pneumotaxic center (nucleus parabrachialis), which may play a role in switching between inspiration and expiration^[@ref5]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), in the pons and afferents in the vagus nerve from receptors in the airways and lungs. A rise in the PCO~2~ or H^+^ ion concentration of arterial blood or a drop in its PO~2~ increases the rhythmic discharge activity in the medulla oblongata ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) and vice versa.^[@ref5]^ The effects of variations in serum chemistry on the rhythmic discharge of pre-BÖTC are mediated via respiratory chemoreceptors: the carotid and aortic bodies^[@ref19]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B yellow circles) and the central chemoreceptor area in the medulla ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B oval yellow area). Each carotid and aortic body contains isles of two types of cells, glomus type I and glomus type II cells (supporting cells), surrounded by fenestrated sinusoidal capillaries ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B big yellow circle). The glomus type I is closely associated with glossopharyngeal nerve afferent nerve (CN-IX) endings and is excited by hypoxia-induced inhibition of O~2~-sensitive potassium K^+^ channels), and the transmitter involved appears to be dopamine, which excites the nerve endings by way of D2 dopaminergic receptors.^[@ref5],[@ref19]^ The glomus type I receptors in the carotid/aortic bodies gets stimulated, with increased afferent nerve discharges, by a rise in the PCO~2~ or H^+^ concentration of arterial blood or a decline in its PaO~2~ below 55--60 mmHg. Therefore, the stimulatory effects of hypoxia on ventilation are not manifested until they become strong enough.

Besides, even though spontaneous breathing is not usually a conscious phenomenon, both inspiration and expiration are under voluntary control.^[@ref5]^ The pathways for voluntary control pass from the neocortex ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B Brodman's area 4, orange neurons) to the motor neurons innervating the respiratory muscles, without influencing the medullary neurons ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B orange lines with white arrows).

D2. Disorders in Central Regulation of Breathing in COVID-19 {#sec4.2}
------------------------------------------------------------

The occurrence of spontaneous breathing in COVID-19 patients with hypoxia and normo/hypocapnia point toward a retained ability of the pre-BÖTC neuronal discharge. Damage in the above zone is expected to compromise the process of autonomic breathing extending into the medula, as has been reported in COVID-19 patients with damage extending into the medulla oblongata.^[@ref7],[@ref9]^ Besides, recent reports are consistent with the involvement of the brainstem and especially of the respiratory center in COVID-19 patients.^[@ref9],[@ref20]^ Patients with COVID-19 often develop respiratory failure 8--14 days after symptom onset, with "silent hypoxemia" and a high respiratory rate,^[@ref3]^ which explains the hypocapnia hinted at above. The hypoxia in COVID-19 leading to stimulation of the pre-BÖTC via chemoreceptor area is expected to cause an increased respiratory rate and depth that has been commonly reported in COVID-19 patients.^[@ref3],[@ref9]^ On the contrary, the patients with profound hypoxia seemingly appear to be asymptomatic, with apparent cyanosis with slight exertions lead to collapse, and the need for ventilatory support for breathing.^[@ref3]^ An increased rate of breathing, as high as 38/mins, profound hypoxia with low PCO~2~ levels, without any dyspnea until late in the disease course is what is seen in COVID-19 and needs to be explained.^[@ref3],[@ref21]^ Damage to vagal receptors in the lungs and perhaps mechanoreceptors in the respiratory muscles involved in breathing to the sensorimotor cortex might explain the absence of the sensation of dyspnea. Also, loss of the ability to breathe spontaneously as has been reported in a variable number of COVID-19 cases^[@ref6],[@ref7]^ is alarming and needs to be investigated. If SARS-CoV-2 is considered a neurotropic virus, as has been elucidated recently in many reports,^[@ref6]−[@ref10]^ an early attack of the SARS-CoV-2 on CNS involving the pre-BÖTC and DRG by the spreading along glossopharyngeal and vagal afferents from chemoreceptors to the medullary centers is expected,^[@ref20]^ and an investigation into this route may help explain the loss of the ability to breathe spontaneously in patients with COVID-19. The fact that patients retain the ability to breathe voluntarily in early COVID-19 indicates that the pathways from the neocortex to the muscles of respiration via the spinal motor neurons ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B orange lines with white arrows) remain functional.

D3. Pathogenesis of COVID-19 Caused by SARS-CoV-2 {#sec4.3}
-------------------------------------------------

There are clear shreds of evidence that SARS-CoV-2 targets diverse organs and tissues ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) after entry into the human body. The route of entry of SARS-CoV-2 into the human body ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) and further spread of the virus to the lungs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} bottom left cascade), CNS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} top right cascade), and the systemic circulation show the systemic derangements that are known to cause death in patients with organopathies that occur in COVID-19.

### D3.1. Evidence of Access of SARS-CoV-2 to the Medulla Oblongata and Other Parts of CNS {#sec4.3.1}

There is a high suspicion that SARS-CoV-2 may be targeting pre-BÖTC and related important CNS zones that regulate the process of normal breathing^[@ref6],[@ref7],[@ref9]^ require evidence of SARS-CoV-2 invading the brain ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Recent reports on the neurotropic effects of SARS-CoV-2 has shown that it affects the medulla oblongata^[@ref20]^ and frontal lobe neurons in patients with COVID-19.^[@ref22]^ Additionally, the fact that SARS-CoV-2 has been isolated from the CSF of COVID-19 affected patents^[@ref23]^ has ended the debate on the neurovirulent potential of this virus. The hematogenous, retrograde neuronal transport and nasal routes across the cribriform plate^[@ref6]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A upward-directed arrow) have been proposed as routes the virus may take to gain entry to the CNS.^[@ref6],[@ref24]^ Regardless of the route that SARS-CoV-2 adopts to reach the brain, the finding of SARS-CoV-2 affecting the medulla and brainstem respiratory centers^[@ref7],[@ref9],[@ref20]^ is alarming. It is easy to compute that if the virus invades the brainstem in the early phases of COVID-19, the occurrences of respiratory failures due to damage in respiratory regulating centers can occur long before the hypoxemic influence comes into effect as has been reported recently.^[@ref7]^ The details of the mechanism of neuronal injury remain murky, but a viral budding leading to eventual rupture of the neurons has been reported recently for SARS-CoV-2.^[@ref22]^ If similar mechanisms of neurotoxicity do occur in medullary nuclei in COVID-19, partial damage to the pacemaker neurons in the pre-BÖTC area can lead to intervals of loss of autonomic breathing and evoke neurological manifestations as reported in COVID-19 affected individuals.^[@ref7],[@ref24]^ The knowledge of the circuit of neural projections and synapses that regulate the process breathing is cardinal to the understanding of respiratory failures in general and that seen in COVID-19 in particular. The spinal motor neurons that act as a nuclear group for phrenic nerve, emerging as nerve roots, is located at cervical 3, 4, and 5 (C3, C4, and C5) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B oval blue dots in the spinal cord). These motor neurons are regulated by descending pathways ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B green lines with white arrows) in the spinal cord crossing the level C1 and C2. Understandably, the involvement or damage to the phrenic nerve roots and motor nerves to the diaphragm and thoracic muscles involved in breathing axons in COVID-19 could completely cease respiratory function as has been recently reported.^[@ref25]^ In the latter report, COVID-19 infection was confirmed by a SARS-CoV-2 positive PCR test result from a pharyngeal swab, and the patient remains on a ventilator respirator due to neuromuscular weakness.

### D3.2. Correlating Syndromic COVID-19 with SARS-CoV-2 Mediated Damage to the Breathing Regulating Centers in the Brain {#sec4.3.2}

Relating the pulmonary sign and symptoms of patients with COVID-19 and the ongoing neurological deficits can help in uncovering the possible regions of the CNS affected by SARS-CoV-2^[@ref9],[@ref20],[@ref25]^ affecting the breathing process. For example, the ability of COVID-19 patients to retain control over voluntary breathing suggests that the neocortical projections of the brain to the spinal motor neurons ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B orange lines with white arrows) are spared in COVID-19. Additionally, dual damage of the pneumotaxic center and vagi is also expected to result in inspiratory spasms that resemble breath-holding in the inspiratory phase of breathing (apneusis) as has been reported in animal studies,^[@ref5]^ though the patients with COVID-19 have an increase in respiratory rate,^[@ref3]^ which as stated above appears to be more a response to hypoxia from impulses originating from carotid and aortic bodies ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B yellow circle).

The damage caused by SARS-CoV-2 to the central chemoreceptor does not explain the loss of spontaneous breathing, as they do not generate the pacemaker impulses for autonomic breathing, although it can strongly affect the breathing rate and depth. Partial neurotoxicity of the neurons in the pre-BÖTC region ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B green circle), which normally generates pacemaker impulses for autonomic breathing appears to be the most likely explanation for the episodes of the feeling of loss of spontaneous respirations experienced by the COVID-19 patients. A complete or substantial loss of the neurons in the pre-BÖTC region understandably would induce a neurogenic acute respiratory arrest despite the presence of moderate hypoxia and hypocapnia, as has been reported in COVID-19 patients with involvement of the brainstem at the level of the medulla oblongata.^[@ref9],[@ref20],[@ref23]^ The question is, why do some patients survive, while others complicate to suffer acute respiratory failure and death? This can be best explained based on the degree of the quantitative loss of neurons in the pre-BÖTC region ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B green circle) and the ability of the neurons to compensate for a partial loss in the patients who survive the episode of medullary neurotoxicity in COVID-19. Although further research is needed to establish the cause(s) of nonhypoxemic respiratory failure in COVID-19, a direct effect of SARS-CoV-2 on the phrenic nerve roots^[@ref25]^ or its nuclei at cervical three to five (C3--C5) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B three oval dots below the medulla oblongata), paralysis of the diaphragm and damage of spinal motor neurons below C5 segments or a combination of these,^[@ref25]^ can contribute to the syndromic respiratory failures seen in COVID-19.

E. Central Neurogenic Respiratory Failure and COVID-19 {#sec5}
======================================================

The concept of central neurogenic respiratory failure and its contribution to the fatalities reported in the last six months and the mortalities that are being reported daily in COVID-19 is yet to be understood completely. The involvement of brainstem by SARS-CoV-2^[@ref9],[@ref20]^ and phrenic and ventral nerve rootlets^[@ref25]^ to the respiratory muscles are clear pieces of evidence toward neurogenic and neuromuscular damages that occur in COVID-19. It is important to mention here that in a full-blown case of COVID-19 distinguishing hypoxemic respiratory failure from exclusive respiratory arrests due damage to the brainstem pre-BÖTC and phrenic nerve nuclear group at C3--C5 is difficult if not impossible. A respiratory arrest that cannot be explained by the extent of lung damage in early onset COVID-19 and abnormal breathing patterns should be thoroughly investigated clinically, as it has been hinted previously that neuroinvasiveness by SARS-CoV-2 can occur early during COVID-19^[@ref6],[@ref7],[@ref24]^ and can be missed. The shortcut routes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, upward-directed arrow) that SARS-CoV-2 can opt across the cribriform plate to reach the olfactory bulb,^[@ref6],[@ref26]^ cerebrospinal fluid (CSF), and frontal lobe of the brain^[@ref22]^ can explain the early spread of SARS-CoV-2 to the brainstem to affect the breathing regulating centers. With a rapidly rising mortality in patients with COVID-19 exhibiting extrapulmonary manifestations,^[@ref27]^ there is an urgent need to understand and diagnose the neurological symptoms early in the course of this disease.^[@ref10],[@ref28]^ Additionally, the poor awareness of hypoxemia in COVID-19 patients may also be attributed to a possible defective CNS processing of the respiratory signals.^[@ref29]^

F. Conclusion and Future Research {#sec6}
=================================

COVID-19 has clearly shown that as compared to the taxonomically related SARS-CoV-1, the SARS-CoV-2 is a more deadly pathogen. The transmissibility and multiorgan attack potential are two aspects where SARS-CoV-2 has shown earlier versions of zoonotic coronaviruses to be miniature pathogens. There is a need to remain ahead of the curve with the strategies that SARS-CoV-2 is implementing to cause fatalities in humans. The attack on the CNS in general and the brainstem, in particular, is just emerging. Future research to contain the spread of SARS-CoV-2 to the CNS will expectedly prove to be a daunting challenge for the scientific community, but for obvious reasons it could prove to be lifesaving.
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